Members of the Ras-association domain family (RASSF) of proteins influence apoptosis and cell cycling but little is known about the mechanisms. Here, we show that RASSF7 interacts with N-Ras and mitogen-activated protein kinase kinase 7 (MKK7) to negatively regulate c-Jun N-terminal kinase (JNK) signaling. Stress-induced JNK activation and apoptosis were markedly enhanced in cells depleted of RASSF7 or N-Ras by RNAi knockdown. An interaction with RASSF7 promoted the phosphorylated state of MKK7 but inhibited this kinase's ability to activate JNK. RASSF7 required its RA domain for both interaction with GTP-bound N-Ras and the anti-apoptotic response to stress stimuli. Following prolonged stress, however, RASSF7's antiapoptotic effect was eliminated because of degradation of RASSF7 protein via the ubiquitin-proteasome pathway. Our results indicate that RASSF7 acts in concert with N-Ras to constitute a stress-sensitive temporary mechanism of apoptotic regulation. With initial stress, RASSF7/N-Ras promotes cell survival by inhibiting the MKK7/JNK pathway. However, with prolonged stress, RASSF7 protein undergoes degradation that allows cell death signaling to proceed. Our findings may account for the association of elevated RASSF7 with tumorigenesis. Members of the Ras-association domain family (RASSF) share a conserved motif called the RalGDS/AF6-type Ras association (RA) domain.
Members of the Ras-association domain family (RASSF) share a conserved motif called the RalGDS/AF6-type Ras association (RA) domain. [1] [2] [3] The vertebrate RASSF comprises the classical RASSF members, RASSF1-6, and the more recently identified N-terminal (NT) RASSF members, RASSF7-10. [1] [2] [3] Epigenetic silencing of most of RASSF genes has been observed at high frequencies in various tumor types. 1, 2 In contrast, upregulation of RASSF7 has been noted in pancreatic, endometrial and ovarian cancers, [4] [5] [6] [7] [8] although no direct evidence exists indicating that RASSF7 promotes tumorigenesis.
RASSF7 was originally identified as HRAS cluster 1 (HRC1), located within a cluster of genes situated about 32-kb upstream of HRAS1 on human chromosome 11p15. In Xenopus, knockdown of the RASSF7 homolog prevented cells from completing mitosis and caused a striking loss of tissue architecture in the neural tube. 9 However, the physiological functions of RASSF7 in mammals are unknown, and the signaling pathways in which RASSF7 participates remain a mystery.
The c-Jun N-terminal kinase (JNK) enzymes function primarily in stress-activated signaling and are important as both positive and negative modulators of apoptosis, depending on the cellular context. 10, 11 In response to cell stresses, such as heat shock, ultraviolet (UV) irradiation, hyperosmolarity and ischemia/reperfusion injury, MAP kinase kinase kinases (MAPKKKs) are activated. These enzymes then activate MAP kinase kinase 4 (MKK4; also known as SEK1) and/or MKK7, which in turn activate JNKs. 12, 13 The extent and specificity of JNK activation serve as important signals for promoting the stabilization and transcriptional activity of JNK substrates, which then mediate cell survival and/or apoptosis. Although phosphatases capable of dephosphorylating JNK cascade substrates have been deemed the primary negative regulators of JNK signaling, 14, 15 several other proteins inhibit mitogen-activated kinase kinases (MAPKKs) signaling by interacting physically with various cascade components. [16] [17] [18] Thus, the precise molecular mechanism(s) that modulate JNK activation have yet to be completely elucidated.
That RASSF proteins contribute to the control of JNK signaling has been known for a decade but the mechanisms remain unclear. 19 We previously reported that the classical RASSF member RASSF1C is required for the prolonged JNK activation that promotes UV-induced cell death. 20 In this study, we show that RASSF7, an NT RASSF, negatively regulates JNK signaling by inhibiting the catalytic activity of MKK7.
Results
UV-induced cellular apoptosis is enhanced by RASSF7 knockdown. To identify the role of RASSF7 in the regulation of intracellular signaling, we first performed knockdown experiments in HeLa cells. The successful knockdown of RASSF7 by the RNA silencing method (siRNA) was confirmed by immunoblotting using a monoclonal antibody (Ab) against recombinant full-length RASSF7 (Figure 1a ). To test whether RASSF7 regulated cell survival or apoptosis, we analyzed UV-induced caspase activation in control and RASSF7-knockdown cells. Apoptosis was monitored by the appearance of the cleaved form of caspase-3, as well as cleaved caspase-9 and cleaved poly-ADP-ribosyl polymerase (PARP), which are substrates of caspase-3. In the absence of UV exposure, the cleaved forms of these molecules were barely detectable in both control and RASSF7-knockdown cells (Figure 1b, lanes 1 versus 3) . However, UV irradiation induced the marked accumulation of the cleaved forms in RASSF7-knockdown cells but not in control cells (Figure 1b, lanes 2 versus 4) . Immunostaining to detect cleaved caspase-3 confirmed that UV-induced apoptosis was enhanced fivefold by RASSF7 knockdown (Figures 1c and d ). This increase in apoptosis associated with RASSF7 knockdown correlated both with increased UV intensity ( Figure 1e ) and elapsed time from UV exposure ( Figure 1f ). In addition to their marked accumulation of cleaved caspase-3, UV-irradiated RASSF7-knockdown cells exhibited morphological characters of apoptosis, including nuclear condensation and membrane blebbing (data not shown). These findings indicate that RASSF7 normally acts to inhibit UV-induced apoptosis in HeLa cells.
UV-induced JNK activation leading to apoptosis is specifically enhanced by RASSF7-knockdown. It has been reported that UV-induced apoptosis involves the activation of two mitogen-activated kinases (MAPKs), namely JNK and p38. 21 We therefore investigated whether UV-induced MAPK activation was affected by RASSF7 knockdown. JNK phosphorylation (p-JNK; activated) was rapidly elevated in both control and RASSF7-knockdown cells after UV irradiation (Figure 2a) . However, this elevation was sustained only in the absence of RASSF7, with levels of p-JNK in control cells rapidly returning to baseline levels by 2 h. In contrast, RASSF7 knockdown had no effect on UV-induced elevation of phosphorylated p38 (p-p38; Figure 2b ). This specific enhancement of UV-induced JNK activation in RASSF7-knockdown cells was confirmed using an in vitro kinase activity assay. Control and RASSF7-knockdown cells were transfected with FLAG-JNK1 and exposed to UV. FLAG-JNK1 was then isolated from these cells and incubated in vitro with glutathione S-transferase (GST)-c-Jun, which is a substrate of JNK. c-Jun phosphorylation was substantially increased in the absence of RASSF7 (Figure 2c, lanes 2 versus 4) , indicating that the activation of JNK, rather than p38, is specifically enhanced in RASSF7-knockdown cells.
We next used MAPK-specific inhibitors to investigate whether the apoptosis-promoting property of RASSF7 knockdown was truly because of enhanced JNK activation. Preincubation with the JNK inhibitor SP600125 abolished the stimulation of UV-induced apoptosis observed in RASSF7-knockdown cells, but addition of the p38 inhibitor SB203580 did not (Figure 2d ). The effectiveness and specificity of SP600125 inhibition were confirmed by immunoblot analyses to detect p-JNK and p-p38 (Supplementary Figure S1) . When SP600125 was added at 60 min after UV irradiation, the accumulation of cleaved caspase-3 assayed at 3 h post-UV was not observed in RASSF7-knockdown cells (Figure 2e) . Concomitantly, the UV-induced elevation in JNK activation seen in RASSF7-knockdown cells was still effectively and rapidly diminished (Figure 2f ). We confirmed that these RASSF7-knockdown effects were reproducible by using another RASSF7-targeted siRNA, whose sequence is totally different (Supplementary Figure S2) . Furthermore, we confirmed that the UV-induced apoptosis was also enhanced by RASSF7 knockdown in HaCaT keratinocytes, which have been generated from the human skin, directly exposed to UV from the sun. (Supplementary Figure S3) . These results strongly suggest that the sustained activation of JNK is possible in the absence of RASSF7 that drives the apoptosis of UV-irradiated cells.
The phosphorylated state of MKK7 is promoted by physical interaction with RASSF7. Stress-induced activation of JNK requires its phosphorylation by the upstream MAPKKs MKK4 and MKK7. [22] [23] [24] [25] Several regulatory proteins ) and cultured for the indicated times. Lysates were immunoblotted (top) to detect total and phosphorylated JNK (p-JNK; a), and total and phosphorylated p38 (p-p38; b). Results were quantitated by densitometry from blots and expressed as mean fold stimulation (phosphorylated/total) ± S.D. over levels in control cultures not exposed to UV. *Po0.05 and **Po0.01, compared with control siRNA. (c) Increased c-Jun phosphorylation. HeLa cells treated with control or RASSF7 siRNA for 24 h were transfected with FLAG-JNK1 for 24 h. Cells were exposed to UV (100 J/m 2 ) and cultured for 1 h. Immunoprecipitated JNK1 using anti-FLAG beads were subjected to an in vitro kinase assay using GST-c-Jun as the substrate. The original lysates, the immunoprecipitates and the assay products were immunoblotted to detect the indicated proteins. a-tubulin, loading control. ) and cultured for the indicated times. SP600125 (20 mM) was added at 60 min post-UV. JNK activation was quantitated as for a. *Po0.05 and **Po0.01, compared with without SP600125 RASSF7 as a negative regulator of JNK signaling S Takahashi et al inhibit MAPK activity by interacting with upstream components of the JNK pathways. [16] [17] [18] To investigate whether RASSF7 associated with JNK or its upstream kinases, we transiently co-transfected 293T cells with control vector or FLAG-tagged RASSF7, plus myc-tagged JNK1, -MKK4 or -MKK7. We then subjected these cells to immunoprecipitation using anti-FLAG beads. As shown in Figure 3a , MKK7 specifically immunoprecipitated with RASSF7 (lane 6) but MKK4 (lane 4) and JNK (lane 2) did not. The direct interaction between RASSF7 and MKK7 was confirmed using in vitro-binding experiments with their recombinant proteins. For the analysis, GST-fused RASSF7 and MKK7 were purified from E. coli, and their GST tags were cleaved by precision protease and applied to GST pull-down assay. The purified MKK7 was capable of interacting with GST-RASSF7 ( Figure 3b , lane 2), but not with GST alone (lane 1). In the same way, the purified RASSF7 could interact with GST-MKK7 ( Figure 3c ). Furthermore, the interaction between RASSF7 and MKK7 was confirmed with the endogenous proteins in 293T cells. When the endogenous RASSF7 was precipitated with RASSF7-specific Ab (Figure 3d ), MKK7 was co-precipitated (lane 2). Interestingly, this interaction was enhanced with UV treatment (lane 4). To clarify whether phosphorylation of MKK7 is important for interacting with RASSF7, we constructed MKK7 proteins with mutations in the phosphorylation sites (S271, T275 and S277) in the activation loop motif. We also devised a constitutively active mutant (ST/DE) mimicking MKK7 0 s phosphorylated form, as well as constitutively inactive (ST/AA) and nonphosphorylatable (STS/AAA) mutants of MKK7. RASSF7 preferentially interacted with the phospho-mimic MKK7 mutant ( Figure 3e , lane 2) rather than wild-type (WT) MKK7 (lane 1) or the dephosphorylated MKK7 mutants (lanes 3 and 4). We then examined whether RASSF7 can affect phosphorylation state of MKK7. To describe this, we separated phosphorylated and nonphosphorylated MKK7 more clearly by dephosphorylation assay. As shown in Figure 3f , a visible shift in the size of the MKK7 band was evident with the expression of RASSF7 (lane 3), and that was reduced on previous incubation of Figure 3 The phosphorylated state of MKK7 is promoted by physical interaction with RASSF7. (a) Specific binding to MKK7. 293T cells were co-transfected with FLAG-mock or FLAG-RASSF7, plus myc-JNK1, -MKK4 or -MKK7. Lysates and precipitated proteins with anti-FLAG beads were immunoblotted to detect the indicated proteins. (b and c) In vitro binding of RASSF7 with MKK7. GST-fused RASSF7, MKK7 and GST alone were purified from E. coli using glutathione beads, analyzed by SDS-PAGE, and stained with Coomassie Brilliant Blue (lower panel). The beads were combined with the GST-cleaved recombinant of the other, prepared by precision protease (middle panel). Precipitated proteins with the beads were detected using a specific Ab. The results of GST-cleaved MKK7 with GST-fused RASSF7 (b) and GST-cleaved RASSF7 with GST-fused MKK7 (c) were shown. (d) Endogenous binding of MKK7 with RASSF7. 293T cells were exposed to UV (100 J/m 2 ) and cultured for 1 h. Lysates and precipitated proteins with anti-rat IgG or anti-RASSF7 bound beads were immunoblotted to detect the indicated proteins. (e) Phosphorylation includes RASSF7 binding to MKK7. 293T cells were transiently co-transfected with FLAG-RASSF7 plus myc-MKK7 enzymes that were wild-type (WT), constitutively active (ST/DE), constitutively inactive (ST/AA) or non-phosphorylatable (STT/AAA), and cultured for 48 h. Lysates and precipitated proteins with anti-FLAG beads were immunoblotted to detect the indicated proteins. (f) Preference for phospho-MKK7. 293T cells co-transfected with myc-MKK7 plus FLAG-mock or FLAG-RASSF7 were exposed to UV (100 J/m 2 ) and cultured for 1 h. Lysates and precipitated proteins with anti-myc Ab were subjected to CIAP treatment at 37 1C or on ice before immunoblotting to detect the indicated proteins immunoprecipitated beads with a phosphatase (calf intestine alkaline phosphatase (CIAP)) at 37 1C (lane 4) but not when the beads were incubated with CIAP on ice (lane 2), indicating that the band-shift was due to phosphorylation. A similar shift in the MKK7 band was observed in response to UV irradiation in the absence of RASSF7 (lane 7), whereas the shift was further enhanced by co-transfection with RASSF7 (lane 10). Both of these band-shifts were again reduced by CIAP treatment (lanes 8 and 11) . Thus, RASSF7 overexpression and/or UV irradiation favor the phosphorylated state of MKK7, either by stimulating its phosphorylation or by inhibiting its dephosphorylation. These results show that RASSF7 physically interacts with phosphorylated MKK7, and suggest that this interaction may protect phosphorylated MKK7 from its dephosphorylation.
RASSF7 inhibits the ability of stress-stimulated MKK7 to phosphorylate JNK. To determine whether the direct interaction between RASSF7 and MKK7 could inhibit JNK activation, we analyzed the kinase activities of MKKs under cells exhibiting either overexpression or knockdown of RASSF7. First, we transfected HeLa cells with FLAG-MKK7 or FLAG-MKK4 and exposed them to UV irradiation. The MKK4 and MKK7 proteins were isolated using FLAG beads and subjected to in vitro kinase assays using GST-JNK1 as the substrate. The ectopic expression of RASSF7 completely abolished UV-stimulated MKK7 activity (Figure 4a , lanes 6 versus 8) without altering UV-stimulated MKK4 activity (lanes 2 versus 4), although the stress-induced MKK7 band-shift observed on RASSF7 expression was maintained (see Figure 3f ). These findings again suggest that MKK7 is the specific target of RASSF7 in the JNK signaling cascade. We then confirmed the role of endogenous RASSF7 in regulating MKK7 using siRNA. In control siRNA-transfected cells, MKK7 activity was enhanced by UV irradiation (Figure 4b , lane 6). In RASSF7 siRNA-transfected cells, the elevated MKK7 activity that was already present under resting conditions (lane 7) was further enhanced by UV irradiation (lane 8). In contrast, MKK4 activity was not affected by RASSF7 knockdown (Figure 4b, lanes 2 versus 4) . Moreover, the addition of partially purified RASSF7 directly to a reaction mixture inhibited UV-stimulated MKK7 activity (Figure 4c , lanes 6 versus 8), without significantly affecting MKK4 activity (lane 2 versus 4). Constitutively active MKK7 can phosphorylate JNK in the absence of activation of upstream MAPKKKs. 26, 27 We found that phosphorylation of JNK mediated by constitutively active MKK7 was inhibited by RASSF7 co-expression ( Figure 4d, lanes 1 versus 2) . Taken together, these results indicate that RASSF7 can directly inhibit the catalytic activity of MKK7, and that this suppressive action of RASSF7 is independent of MAPKKK activation.
RASSF7 interacts with GTP-bound N-Ras via its RA domain on UV irradiation. RASSF7 is an NT-RASSF protein, meaning that its RA domain is in a different physical location than the RA domains of the classical RASSF1-6 1-4) or FLAG-MKK7 (lanes 5-8), plus myc-mock (À) or myc-RASSF7 ( þ ), and cultured. The cells were exposed to UV (100 J/m 2 ) and cultured for 1 h. Activated MKK4 or MKK7 were precipitated with anti-FLAG beads and subjected to an in vitro kinase assay using GST-JNK1 as a substrate. Lysates and precipitated proteins were immunoblotted to detect the indicated proteins. (b) RASSF7 siRNA. HeLa cells treated with control or RASSF7 siRNA for 24 h, co-transfected with FLAG-MKK4 (lanes 1-4) or FLAG-MKK7 (lanes 5-8) for another 24 h. MKK activity was assessed using the in vitro kinase assay as for a. , and cultured for 1 h. To prepare control or RASSF7 protein, 293T cells were transfected with FLAG-mock or FLAG-RASSF7, and RASSF7 protein was precipitated with anti-FLAG and eluted with FLAG peptide. FLAG-MKK beads were mixed with the FLAG-mock or FLAG-RASSF7 elutants and subjected to in vitro MKK activity assays as for a. Figure S4a) . Furthermore, the RA domain of RASSF7 has a unique sequence, as defined by ClustalW sequence analysis (Supplementary Figure S4b) . We examined whether the RA domain of RASSF7 was responsible for its inhibitory actions. As expected from our knockdown experiments (see Figure 2a) , overexpression of full-length WT RASSF7 significantly attenuated UV-induced JNK activation (Figure 5a ). However, RASSF7 lacking the RA domain (RASSF7/DRA) was not able to inhibit JNK activation, indicating that the RA domain is required for RASSF7's negative regulation of JNK.
The RA domain shared by the classical RASSF proteins allows preferential interaction of these proteins with Ki-Ras.
1,2
We co-transfected 293T cells with FLAG-tagged forms of various members of the Ras family, together with myc-tagged RASSF7. We then performed immunoprecipitation assays revealing that RASSF7 was capable of binding tightly to N-Ras (Figure 5b, lane 4) but only weakly to Ki-or R-Ras (lanes 3 and 5) . Moreover, RASSF7 appeared to interact preferentially with the GTP-bound form of N-Ras, because a constitutively active mutant (N-Ras/G12V; Figure 5c , lane 3) was able to bind to RASSF7, but the same was not true for a constitutively inactive mutant (N-Ras/S17N, lane 5) or a non-farnesylated mutant (N-Ras/DC4, lane 4). As expected, RASSF7 required the RA domain for its interaction with N-Ras/G12V because the RASSF7/DRA mutant failed to associate with the active N-Ras (Figure 5d, lane 2) . To determine whether RASSF7 interaction with N-Ras was enhanced by cellular stress, we UV-irradiated 293T cells co-transfected with FLAG-tagged N-Ras/G12V and myc-tagged RASSF7. Indeed, the interaction between RASSF7 and N-Ras/G12V was enhanced following UV irradiation (Figure 5e, lanes 3 versus 4) , indicating that stress stimuli drive an RA-mediated interaction between RASSF7 and N-Ras. As shown in Figure 5f , this interaction was enhanced in the presence of activated N-Ras, despite the unchanged protein level of RASSF7 and MKK7.
Anti-apoptotic effects of N-Ras are mainly mediated through RASSF7. N-Ras is a GTPase that mediates survival by regulating the duration of JNK and p38 activity. 28 Our data showed that RASSF7 interacted with GTP-bound N-Ras through its RA domain. We therefore investigated whether RASSF7 was involved in mediating the anti-apoptotic effects of N-Ras. First, we determined whether N-Ras knockdown affected stress-induced JNK activation and found that the elevation of p-JNK induced by UV was enhanced in N-Ras-knockdown cells (Figure 6a ), just as it Figure 6d ) and found that the elevation of p-c-Jun induced by UV was downregulated in cells over-expressing N-Ras (lane 6), and this effect was totally cancelled with RASSF7 knockdown (lane 8). We also investigated the effects of RASSF7 and N-Ras knockdown on stress-induced apoptosis by measuring cleaved caspase-3. Although UV-induced apoptosis was clearly enhanced by either RASSF7 or N-Ras knockdown (Figure 6e, lanes 2 and 3) , the double-knockdown cells exhibited no more than an additive effect on cell death (lane 4). These results suggest that the anti-apoptotic effect of N-Ras is mediated mainly through RASSF7. Thus, we can conclude that RASSF7 acts in concert with N-Ras to negatively regulate UV-induced JNK activation and thus deliver an anti-apoptotic signal.
RASSF7 degradation via the ubiquitin-proteasome pathway can promote JNK activation and apoptosis. Our findings suggest that, if endogenous RASSF7 were persistently present during stress conditions, it could impede the progress of JNK-dependent apoptosis. It would thus be logical for the cell to have a mechanism in place to inactivate RASSF7 when the cell simply had to die. To determine whether such a mechanism might involve expression of the RASSF7 protein, we evaluated whether the quantity of RASFF7 protein present in HeLa cells was altered after UV irradiation. We found that RASSF7 protein levels were constant for about 1 h after UV exposure but decreased rapidly thereafter (Figure 7a ). Titration studies showed that an effective reduction of RASSF7 in HeLa and 293T cells required 6-h exposure to 450 J/m 2 UV (Figure 7b ), a protocol corresponding to the exact intensity of UV Figure 1e ). This UV-induced reduction in RASSF7 protein could be blocked by treatment of the cells with the proteasome inhibitor MG132, but not by treatment with the protease inhibitor leupeptin (Figure 7c ), suggesting that RASSF7 is degraded via the ubiquitin (Ub)-proteasome pathway. Indeed, in response to UV irradiation, RASSF7 appeared to serve as a substrate for polyubiquitination (Figure 7d, top panel) .
Next, we subjected control and RASSF7-knockdown HeLa cells to other stresses; glucose depletion, or to treatment with the DNA-alkylating agent methyl methanesulfonate or H 2 O 2 , and examined p-JNK levels. We found that JNK activation in response to these stress stimuli was enhanced by RASSF7 knockdown (Figure 8a ), as had been observed with UV irradiation (see Figure 2a) . Moreover, when we investigated the effects of these stress stimuli on levels of RASSF7 protein in HeLa cells, we noted that they induced RASSF7 degradation (Figure 8b ) similar to that seen following UV irradiation (see Figure 7a) .
Taken together, our results suggest that RASSF7 acts as a anti-apoptotic negative regulator of JNK activation in response to low levels of stress stimuli, but that RASSF7 protein is then degraded via the Ub-proteasome pathway as stress becomes prolonged, allowing the cell to undergo JNK-mediated apoptosis.
Discussion
In addition to upstream MAPKKKs and downstream JNK kinases, several other proteins are known to associate with MKK7, including GADD45b and c-FLIP L . 16, 17 These proteins inhibit MKK7 through different mechanisms: GADD45b blocks the catalytic activity of MKK7, whereas c-FLIP L disrupts the interaction between MKK7 and the upstream MEKK1. Our results indicate that RASSF7 inhibits MKK7 activity via yet another unique mechanism. RASSF7 prefers to associate with the phosphorylated form of MKK7, rather than its nonphosphorylated form. Moreover, RASSF7 promotes MKK7 phosphorylation or maintenance of MKK7 0 s phosphorylated state even in the absence of stress stimuli (see Figure 3) . This RASSF7-MKK7 association inhibits subsequent JNK phosphorylation by activated MKK7 in a manner that is independent of MAPKKK activation (see Figure 4) . On the basis of these findings, we have proposed a model of RASSF7 0 s role in JNK signaling as illustrated in Figure 8c . Under resting conditions, the majority of MKK7 protein exists in its dephosphorylated form because upstream kinases are largely inactive. However, even under baseline conditions, there is likely a dynamic equilibrium between the phosphorylated and dephosphorylated forms of MKK7. We hypothesize that RASSF7 recognizes and interacts with the phosphorylated form of MKK7, imposing a rigid interaction that may decrease the ability of phospho-MKK7 to contact its substrate JNK and/or a phosphatase(s). Thus, phospho-MKK7 gradually accumulates in association with RASSF7, and this process is accelerated by stress stimuli. Consistent with this scenario, we found that UV irradiation phosphorylated MKK7, but failed to activate endogenous JNK in cells overexpressing RASSF7 (see Figure 4a) . As well, MKK7 activity was enhanced in RASSF7-knockdown cells that had not been exposed to UV (see Figure 4b) . We propose that this unique inhibitory mechanism mediated through RASSF7-MKK7 association ) and cultured for 6 h with DMSO alone (none) or MG132 (100 mM) or leupeptin (1 mg/ml) in 0.1% DMSO. Lysates were immunoblotted to detect the indicated proteins. (d) RASSF7 becomes polyubiquitinated. HeLa cells transfected with HA-Ub (HA-Ub) were exposed to UV (100 J/m 2 ) and cultured for the indicated times. Lysates and proteins immunoprecipitated with anti-RASSF7 Ab were immunoblotted to detect the indicated proteins. * a nonspecific band contributes anti-apoptotic regulation that helps to protect cells from inappropriate JNK activation.
Recent reports have shown that the early transient phase of JNK activation (o1 h) is responsible for cell survival, whereas its later and sustained phase (1-6 h) mediates pro-apoptotic signaling resulting in cell death. 29, 30 Our data are consistent with these findings, in that JNK activation was most enhanced during the sustained phase in RASSF7-knockdown cells, and these cells were highly sensitive to cellular stress. We detected the presence of cleaved caspases, which are prototypical markers of apoptosis, as early as 3 or 6 h after UV irradiation (see Figures 1 and 2) . We also confirmed that sustained JNK activation is required for UV-induced apoptosis in our time-course study employing SP600125 (see Figures 2e and f) . SP600125 in sustained phase completely suppressed UV-induced apoptosis in RASSF7-knockdown cells, implying that prolonged JNK phosphorylation is necessary for the initiation of apoptosis. Thus, our data suggest that a signal involving RASSF7 helps to protect cells against stress-induced apoptosis by attenuating the magnitude and duration of JNK (and MKK7) activity, especially during the later phase.
Although classical RASSF members bind most often to Ki-Ras, 1,2 we showed that RASSF7 binds preferentially to N-Ras. This bias may be due to differences in the amino acid sequence of the RASSF7 RA domain (see Supplementary  Figures S4a and b) . On the basis of our data, we suggest that RASSF7 coordinates with GTP-bound N-Ras to constitute an anti-apoptotic mechanism that promotes cell survival. In this study, we have not elucidated precisely how the interaction between RASSF7 and N-Ras is regulated under stress conditions. Generally, Ras must be in its GTP-bound form to bind to its effectors. However, we observed that the interaction of the constitutively active N-Ras/G12V mutant with RASSF7 was further enhanced by UV irradiation. It is possible that UV exposure changes the posttranslational modification or subcellular localization of RASSF7, or its interaction with a scaffold protein. It has been previously shown that posttranslational modification of the Raf is required for its binding to Ras. 31 Further study will be required to elucidate how external stresses initiate the intracellular interaction of RASSF7 and N-Ras.
Persistence of this survival signaling would be a disadvantage when there was a pressing need to remove a damaged However, when stress is prolonged (right), the inhibitory action of RASSF7 on MKK7 is eliminated because of degradation of the RASSF7 protein via the Ub-proteasome pathway. In the absence of RASSF7, phosphorylated MKK7 activates JNK, triggering apoptosis cell by apoptosis. Our data showed that levels of RASSF7 protein were dramatically decreased when stress became sustained (see Figures 7 and 8 ). This decrease in RASSF7 appeared to be due to protein degradation mediated through the Ub-proteasome pathway (see Figure 7c ). Many other proteins reportedly undergo proteasomal degradation under stress conditions so that apoptosis can be induced effectively. [32] [33] [34] Further study will be required to elucidate how sustained stress signaling initiates RASSF7 ubiquitination, and to determine the identity of the E3 Ub ligase involved.
Materials and Methods
Cell culture, transfection and UV irradiation. HeLa and 293T cells were maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (FCS), 0.16% (w/v) NaHCO 3 , 0.6 mg/ml L-glutamine, 100 mg/ml streptomycin and 100 IU/ml penicillin at 37 1C in 95% air plus 5% CO 2 . Cells were transfected with 1 mg (35-mm dish) or 3 mg (60-mm dish) of plasmid DNAs for 24 h (HeLa cells) or for 48 h (293T cells), or with 100 pmol (35-mm dish) or 300 pmol (60-mm dish) of siRNAs for 48 h, using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA, USA). Transfected cells were rinsed twice with phosphate-buffered saline (PBS) and exposed to 10-200 J/m 2 UV-C in a StrataLinker 1800 (Agilent-Stratagene, Santa Clara, CA, USA). In some experiments, cells were incubated in culture medium containing 0.1% DMSO (control) or inhibitors (in DMSO) for variable times before and after UV irradiation. Inhibitors used were 1 mg/ml leupeptin, 100 mM MG132 (both from Sigma, St Louis, MO, USA), 20 mM SP600125 (Enzo Life Sciences, Plymouth Meeting, PA, USA) and 20 mM SB203580 (Calbiochem, Darmstadt, Germany).
Database analysis and construction of plasmids. The accession number for RASSF7 is BC106922. Alignment of the RASSF7 protein amino acid sequence to related protein sequences was carried out using ClustalW and viewed in GeneDoc. Sequences for RASSF7, Ras (Ha, Ki, N, R, RalA, Rit, Rin), JNK1, MKK4, MKK7, and Ub were isolated by polymerase chain reaction (PCR) using human whole-brain cDNA (Clontech, Mountain View, CA, USA), and cloned into pCMV-FLAG PCMV-myc, pCMV-HA or pGEX-6p-1 to generate expression vectors. pmyc-Ha-Ras/G12V was created in a previous study. 35 The point-mutated forms of MKK7 (ST/DE, ST/AA, STS/AAA) and various forms of N-Ras (G12V, DC4 and S17N) were generated by one day PCR as previously described. Antibodies. Anti-JNK, anti-p38 and anti-Ub polyclonal antibodies (pAbs) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cleaved caspase-3, anti-cleaved caspase-9, anti-cleaved PARP, anti-phospho JNK, anti-phospho p38 and anti-phospho c-Jun pAbs were from Cell Signaling Technology (Danvers, MA, USA). Anti-FLAG, anti-myc and anti-b-tubulin monoclonal antibodies (mAbs) were from Sigma; anti-GST mAb from Nacalai Tesque (Kyoto, Japan), anti-HA mAb from Roche (Indianapolis, IN, USA); anti-glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) mAb from Chemicon International Inc. (Temecula, CA, USA); antia-tubulin mAb from Molecular Probes (Eugene, OR, USA); and anti-N-Ras mAb from Santa Cruz Biotechnology.
Generation of anti-human RASSF7 mAb. A female 6-week-old Wistar rat (CLEA Japan, Inc., Tokyo, Japan) was primed with 30 mg human RASSF7 protein in Titer Max Gold and boosted twice. Splenocytes were fused with PAI mouse myeloma cells using PEG 1500 (Roche). Hybridoma supernatants were screened by indirect ELISA on PVC plates coated with 50 ml of 0.5 mg/ml RASSF7 protein. Selected positive hybridoma lines were subcloned, grown in serum-free medium (Nihon Pharmaceutical, Tokyo, Japan) supplemented with HT (Invitrogen) and purified with Protein G Sepharose (GE Healthcare, Buckinghamshire, UK).
Immunofluorescence and microscopy. HeLa cells transiently transfected with siRNAs were cultured on a poly-L-lysine-coated coverglass (15-mm diameter) and washed three times with PBS, followed by fixation in 4% paraformaldehyde in PBS at 25 1C for 15 min. After permeabilization with 0.02% Triton X-100 in PBS for 10 min, the cells were incubated with a blocking solution consisting of 2% bovine serum albumin and 2% FCS in PBS for 30 min, followed by incubation with the anti-cleaved caspase-3 pAb (Promega, Tokyo, Japan; 1 mg/ml diluted in blocking solution) at 37 1C for 2 h. The cells were washed three times with PBS and incubated for 1 h with rabbit Alexa-488-conjugated secondary Abs (Molecular Probes) diluted in blocking solution. After three washes in PBS, the coverglass was mounted onto a glass slide in Permafluor mounting medium (Immunon, Pittsburgh, PA, USA) and viewed on an Axio imager M1 (Carl Zeiss, Jena, Germany) using an excitation wavelength of 488 nm. The images were merged using Adobe Photoshop (Adobe Systems, Mountain View, CA, USA). Cell nuclei were stained with 4 0 ,6-diamidino-2 0 -phenylindole (DAPI, Molecular Probes). To estimate numbers of cells positive for cleaved caspase-3, approximately 100-200 transfected cells per treatment were examined under a microscope by a researcher blinded to the identity of the samples.
Expression of recombinant proteins and GST pull-down assay. GST-fused forms of RASSF7, MKK7, JNK1 and c-Jun proteins were purified as described previously 37 and stored in a homogenization buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 1 mM DTT) with 0.1% Triton-X or kinase buffer (see below). GST-fused RASSF7 or MKK7 was cleaved from its GST fusion partner using the Precision Protease (GE Healthcare). For GST pull-down assays, GST-fused MKK7 (or RASSF7) conjugated beads were mixed with the GST-cleaved RASSF7 (or MKK7), in the homogenization buffer with 0.1% Triton-X at 4 1C for 2 h. The beads washed three times by the homogenization buffer were boiled and proteins bound to the beads were fractionated by SDS-PAGE.
Immunoblotting and dephosphorylation assay. HeLa and 293T cells were lysed in the homogenization buffer with 1% Triton-X, 500 mM 4-(2-aminoethyl)-benzenesulfonyl-flonyl-flouride (Pefabloc SC, Roche), 2 mg/ml aprotinin. Cell lysates were precleared with Protein G Sepharose (GE Healthcare), and incubated with anti-FLAG M2 Agarose (Sigma) or RASSF7 Ab conjugated sepharose at 4 1C for 2 h. For preparation of RASSF7 Ab sepharose, anti-RASSF7 Ab was incubated with Protein G Sepharose overnight. The beads and precipitated proteins were washed three times in a wash buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.7% Triton-X, 1 mM EDTA, 1 mM DTT). FLAG-fused proteins and their counterparts were eluted with FLAG peptide (Sigma) in wash buffer for 30 min. Supernatants were boiled and fractionated (along with samples of the original lysate) by SDS-PAGE. Proteins of interest were identified by immunoblotting with the appropriate Abs. For dephosphorylation assays, transfected cells were lysed in homogenization buffer fortified with 100 mM Na 3 VO 4 and 50 mM NaF. Immunoprecipitated myc-or FLAG-tagged RASSF7 proteins were washed and resuspended in the same buffer before the addition of 20 U CIAP (Takara Bio Inc., Otsu, Japan). After incubation at 37 1C for 1 h, the reaction was terminated by adding SDS-sample buffer. Reaction mixtures were then examined by immunoblotting as described above. Detection of bands was performed using peroxidase-based chemifluorescence and charged coupled device (CCD) imager (Sony, Tokyo, Japan).
In vitro kinase activity assay. Cells were lysed in lysis buffer (20 mM Hepes (pH 7.4), 10 mM NaCl, 0.5% NP-40, 5 mM EDTA, 0.05% b-mercaptoethanol, 100 mM Na 3 VO 4 , 50 mM NaF, 4 mg/ml aprotinin). Lysates were incubated with anti-FLAG M2 Agarose (Sigma) or anti-JNK sepharose at 4 1C for 2 h, and immunoprecipitated proteins were prepared as described above. For preparation of JNK Ab sepharose, anti-JNK Ab was incubated with Protein G Sepharose overnight. Immunoprecipitates were resuspended in kinase buffer (50 mM Tris-HCl (pH7.4), 10 mM MgCl 2 , 1 mM EGTA) in the presence of 10 mM ATP and 0.5 mg GST-JNK1 or GST-c-Jun as substrates, and incubated for 20 min at 30 1C. The samples were subjected to immunoblotting with the appropriate antibodies as described above.
Statistics. In some experiments (Figures 1, 2, 5, 6 and Supplementary Figure 2) , the statistical significance of differences between control and treated values was determined by two-tailed Student's t-test.
